Electroencephalography (EEG) 
Introduction
In the late 1800s Richard Caton (1842-1926) first reported the presence of biopotentials on the surface of the human skull [1] . Since then, electroencephalograms (EEG) (Hans Berger pioneered the field), have been used by medical practitioners to diagnose various neurological conditions [2] .
EEG has been monitored in many driver studies conducted in the lab and field [3] [4] [5] [6] [7] . Subsequently, Lal & Craig [8] proposed that EEG could be used as and indicator of fatigue and proposed driver fatigue algorithms. Later, Jap et al. [9] proposed an EEG-based fatigue algorithm for application in the train driving environment. EEG has been found to be one of the most reliable physiological indicators of fatigue [10] . Lal & Craig [3] reported increases in slow wave brain activity with driver fatigue. Delta (0-4 Hz) and theta (4) (5) (6) (7) (8) activities have been found to increase as one gets fatigued [8] . Jap et al. [9] found significant decreasing trends of alpha (8) (9) (10) (11) (12) (13) , and beta activities as fatigue increases. Beta activity has also been linked to task performance. As beta level decreases, task performance has also been found to decrease [5] . However, an EEG is a complex piece of equipment that is normally designed for laboratory use. In order to successfully develop a fatigue countermeasure device, a simple, portable, and wireless EEG device is required.
The human EEG signal ranges in frequency from 0.5-100 Hz, with amplitudes of 1-300 ȝV measured at the surface of the skull [2, 11, 12] . These signal characteristics have inherent challenges to their measurement. Firstly, 50 Hz noise is present within the EEG frequency range. Significant electrical noise is present at this frequency in most environments. The very low frequency EEG signal makes it susceptible to 50 Hz noise. The signal may further be corrupted by impedance imbalance at the skin-electrode interface, electrode half-cell potential, and movement artifacts [2] .
This technical paper proposes the design of a single channel wireless EEG suitable for fatigue detection on train drivers.
Hardware Development
A prototype of a wireless EEG system has been developed in order to extract EEG signal from human subjects, to be analysed for fatigue detection. The hardware module consists of transmitter and receiver ends. While the receiver end is wholly digital, the transmitter end consists of analog and digital sections. A block diagram of the system is depicted in Figure 1 
Front End
The subject is connected to the front end of the transmitter through three EEG electrodes. The front end is mainly the analogue electronics, which consists of an instrumentation amplifier followed by signal amplification and conditioning stages (i.e. direct current (DC) restorator, gain amplifier, high-pass and low-pass filters, variable attenuation and signal level shifter). The front end schematic is shown in Figure 2 .
The function of the amplifier is to amplify the difference of the signal from the left and right EEG electrodes, and simultaneously reject common mode noise at both inputs. The AD620 instrumentation amplifier (Analog Devices, USA) was the instrumentation amplifier chosen for this design as it offers low power and high Common Mode Rejection Ratio (CMRR). Without a high CMRR, common mode voltages, which are typically 1V [13] , will get amplified and prevent the EEG signal from being recovered.
In the subsequent stages, LMC6484 (low-power Operational Amplifier (op-amp), National Semiconductor, USA) Integrated Circuits (ICs) are used to implement all signal conditioning circuitry. The LMC6484 has low-power consumption making it suitable for portable battery powered applications.
The DC restorator is used to eliminate DC offset which would otherwise saturate the op-amps subsequent to the instrumentation amplifier. The DC restorator is implemented by using an op-amp in the feedback loop of the AD620. The DC restorator has two settings, namely the 'monitor', and the 'quick restore'. The quick restore setting can be used to speed up the recovery of the output if it becomes saturated [2] . The model in Figure 3 was used to design the DC restorator.
The Driven Right Leg (DRL) is incorporated in the design to reduce common-mode noise, such as 50 Hz interference unavoidably coupled into the subject and electrodes. The name, Driven Right Leg, has been preserved from its first use in electrocradiography (ECG) equipment [14] , although this electrode is not connected to the subject's right leg for EEG recordings. As shown in Figure 2 , the DRL is a feedback circuit similar to the DC restorator. It feeds the inverse of the common-mode voltage back to the human subject, which acts to reduce the common-mode noise present at the active electrodes [14] .
The high-pass and low-pass filters are used to cutoff the signal with frequency components below 0.25 Hz and above 95 Hz. The high pass filter is implemented by using a 2 nd -order Sallen-Key filter [15] . It attempts to eliminate the DC potential present at the electrode. The low pass filter is implemented by using two 2 nd -order Sallen-Key filter stages, therefore it is effectively a 4 th -order filter. 
MSP430 and Wireless Modules
The first prototype of the digital section utilises the eZ430-RF2500 development tool (Texas Instruments, USA). It contains both the MSP430 microcontroller and CC2500 wireless module (see Figure 1) . The microcontroller is suitable for low power operation as it only consumes 0.7 microAmps (uA) while in standby mode. In addition, it processes 16-million instructions per second, and is equipped with two 10-bit Analog-to-Digital (A-D) converters with maximum sampling rates of 200 kilo samples per second.
The communication protocol running on CC2500 is SimpliciTI, which is a dedicated low data rate protocol for low power applications. The wireless transmission utilises the 2.4 Giga Hertz (GHz) Industrial, Scientific and Medical (ISM) frequency [16] .
At the transmitter end, the microcontroller takes the output of the analog front end and performs the A-D conversion. A fatigue detection algorithm could be implemented in the microcontroller at the transmitter end to detect fatigue before the digitised signal is transmitted to the CC2500 module of the receiver end.
At the receiver end, the same eZ430-RF2500 development board, which is used at the transmitter end, is connected to a PC via a USB slot.
Experiments and Results
To aid the experiment, a testing program was built (using LabView 8.2, National Instruments, USA) in order to display the received signal at the receiver end.
The development prototype was tested on a human subject. Firstly, the prototype was used to capture ECG signal (heart beat) by connecting 3 electrodes from the device to the left wrist, right wrist and right leg of the subject. The subject was asked to remain seated and stop moving in order to avoid movement artefacts. With the aid of the testing program, the device was able to successfully capture the PQRS complexes of the ECG signal from the subject, as shown in Figure 4 .
Subsequently, the prototype was used to capture the EEG signal from electrodes placed on the frontal lobe of the head. This was performed by connecting a pair of shielded electrodes to the pre-frontal brain sites (FP1 and FP2) and the DRL electrode was connected to the ear lobe of the subject. The subject was again asked to remain seated and stay still to avoid movement artefacts. Figures 5 and 6 depict the EEG signal during eyes-opened and eyes-closure, respectively. In Figure  5 , it was noted that an eye blink would cause an artifact in the EEG waveform. In contrast, the EEG reading with the eyes closed in Figure 6 showed fewer artifacts. 
Discussion and Future Work
The area of safety in transportation has received attention due to a high number of accidents caused by driver fatigue [17] . In the train driving environment, human errors caused by fatigue contributes to about 75% of accidents [18, 19] , and research has shown that driving while fatigued is just as dangerous as driving with a blood alcohol concentration of 0.05-0.1% [20] . Train drivers are required to work in a 24-hour irregular and rotating shifts, including weekends [21] , and irregular shifts are related to increased fatigue level and have been correlated to higher risk of fatiguerelated accidents [22] . Therefore, there is a need for an automated and non-intrusive fatigue countermeasure device.
Electroencephalography has been shown to be a reliable fatigue indicator [10] . However, the complexity of an EEG system makes it difficult to deploy it as a fatigue countermeasure device in the real train driving environment. Simple and wireless EEG device needs to be developed to enable the use of EEG as a fatigue countermeasure device.
The current paper proposes the development of a simple single-channel EEG device that transmits wirelessly to a computer. Bipolar montage has been used for the analog front-end, by amplifying the difference of the EEG signals from the left and the right active electrodes, and the DRL electrode has been implemented to reduce the common-mode noise that are present at the active electrodes. The eZ430-RF2500 development tool has been utilized to transmit EEG signals wirelessly.
The simulation result of the device shows that noise is present in the ECG and EEG recording (Figures 4 to  6 ). Electrical noise, such as 50 Hz interference, has been filtered by the high-and low-pass filters implemented in the design. The noise that is captured in the recording can be due to insufficient conducting gel applied to the electrodes before being attached to the skin, or subject's involuntary movements.
The current EEG system has successfully performed the function of acquiring human EEG signal and wirelessly transmitting the signal to a computer. Future work is required to implement a fatigue algorithm [8, 9] to detect fatigue from the EEG recording system described. This simple EEG system will need to be miniaturized to fit into a headband or a cap, as shown in Figure 7 . Such a design implementation will make it suitable for application in train drivers.
Lastly, the next prototype will be designed to meet the safety requirements according to the IEC 60601-1:1988 (safety standard of medical electrical equipment). 
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